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*- This final reportis meant to be used in conjunction with all of the

0 other technical articles and progress reports submitted over the duration

of the contract. We are thus just summarizing the state of progress and

disposition of several parts of this work as they existed at the end of this

- contract. .

-Work on first silicide formation has been done on various systems includ-

ing Pd-Si, Pt-Si, Ni-Si, Co-Si, V-Si, Cr-Si, Ti-Si and Fe-Si. y-

In the Co-Si system, in addition to the work on first nucleation TED

studies and the metal-insulator transition preceeding first nucleation (re-

print of paper included), we have made ("f") noise of thin films in the pre-

nucleation regime. This work was started in an attempt to develop a tech-

nique for more accurate monitoring of structural changes in the non crystal-

line regime of prenucleation. It is felt that the fluctuation spectra will

be a good monitor of such structural changes. The initial Inoise measure-

4 ments on Co-Si thin films showed anomalous amplitude and current variation

in the films which were in the prenucleation regime and at present this method
L.J
__,J appears very promising.

The work on the Fe-Si system was of a preliminary nature - in effect to

monitor the limits of the prenucleation regime in terms of substrate doping

and annealing temperature. Originally, this system was selected as the opti-
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mum system for magnetic measurements in an effort aimed at correlating the

spin pairing-depairing transition with the prenucleation regime structural

parameters. In the prenucleation study we found that several stages of pre-

nucleation were observed via TED prior to FeSi nucleation, including an

unidentified non crystalline phase with significant short range order. Also

the FeSi nucleation temperature was reduced from the 450°C observed on weakly

doped Si to room temperature or less on heavily As-doped substrates. This

effect should probably be followed up on in more detail for other doped sub-

strates. In addition, the magnetic studies still appear feasible and promis-

ing.

Significant measurements have been made on the Cr-Si and Ti-Si systems

though the work here is also of a preliminary nature. The Cr-Si system is

interesting because the first nu-.eated phase CrSi 2 is a semiconductor and

the correlation of first nucleation with a metal-semiconductor transition

of the prenucleation film would contribute significantly to the information

-y about the generality of the results seen in the Co-Si case (and apparently

in the Fe-Si case). The Ti-Si system is important because recent work has

indicated (via X-ray diffraction) nucleation of a TiSi phase prior to what

has been previously reported to be the first phase nucleated TiSi2. Our

initial work has indicated the formation of a non equilibrium 
intenstitial Dew

type phase prior to nucleation of TiSi2, but the TED results are not consis-

tant with TiSi nucleation. This system is important as an interconnect system

in emerging VLSI technology so that how it works is important.

,.'7 Preliminary excess noise measurements on Co-Si thin film in the

.. prenucleation to transition regime indicate anomalous behavior in both the

magnitude of the noise and its variation with current in the low frequency

regime. These initial results indicate that it would be fruitful to study
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-, noise and perhaps dielectric response as an indication of structural evolu-

*tion prior to 1st nucleation.

We have critically surveyed thin film nucleation studies done on metal-

metal reaction couples. A comparison of the metal-metal systems with metal-

semiconductor systems has indicated the first nucleation path in the all

metal systems is also kinetically selected, but generally without the compli-

cation of "phase skipping" observed in the metal-semiconductor systems in

-concentration regions of easy glass formation.

.: -: We have also studied the role of interface disorder and oxygen on com-

-" pound nucleation in the V/Si system. We specifically examined their role in

the planar nucleation o" V3 Si and VSi2 formed by annealing (at 600-1000°C)

thin sputter-deposited V films on crystalline Si. In summary, the results

of our experiment indicate that VSi2 nucleation cannot be suppressed unless

both oxygen is present and the surface is disordered. In addition, bistable

V3Si and V5Si nucleation is observed unless the disordered Si is less than

some undetermined, but small, thickness. The results indicate that the role

of oxygen is to retard Si recrystallization and bypass nucleation of the

congruently melting compound VSi3.
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Is first compound nucleation at metal-semiconductor
interfaces an electronically induced instability?

r: R. W. Ben6, R. M. Walser, G. S. Lee, and K. C. Chen
,Department of Electrical Engineering and Electronics Research Center. The University of Texas at Austin. Austin.
Texas 78712

(Received 7 March 1980, accepted 21 April 1980)

We present transmission electron microscopy (TED) and transport measurements on thin films
of cobalt on (100) and (111) silicon substrates which show that first phase nucleation proceeds
upon deposition past a critical thickness and is preceded by a semiconductor/metallic transition
in the glassy, as-deposited phase. We have also performed electron diffraction measurements on
thin cobalt films deposited on highly doped Si substrates. It is found that compound nucleation
begins upon metal deposition for any thickness down to practical minimum depositions for our
sputtering system on the order of 10 A. We interpret these results to indicate that in these systems
thin film nucleation is driven by an electronic two-dimensional instability of the interphase region.

PACS numbers: 68.48. + f, 68.55. + b, 71.30, + h, 68.20. + t
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I. INTRODUCTION THICK,-2oCO:, Co

PLUS CoS- ECTRODIS

Thin films of transition metals react with single crystals of
silicon to form silicides at temperatures roughly one-half the Cc Bpi L,

"% lowest eutectic temperature in the binary equilibrium phase
% diagram.1 Most transition metals only form a single silicide

phase (out of the many available on the phase diagrams) at
these low temperatures, but several of the more noble tran-
sition elements (Pt, Ni, Co) form more than one such phase.
Very little has been done of a modelling nature concerning
second (or third) phase formation but we have introduced a S-SBSTRA (

rule for first phase nucleation2 and have subsequently dis-
cussed" a possible physical interpretation for the occurrence
of this rule in Tm-Si and Tm-Ge systems. Basically, a glassy
interphase region is thought to form prior to the first com- FIG 1. Experimental structure for resistance measurem_nt.
pound phase nucleation and this region acts as a membrane
in controlling subsequent first phase nucleation. In an effort

-* to learn More about the structures and events prior to first
nucleation when a metal is deposited onto a single crystal
substrate, we are studying the structure and transport prop- cleation rate of the favored silicide to such an extent that an-
erties of ultrathin films of transition metals on Si substrates. other more metal-rich phase is formed. 6 , Also it should be
Our depositions are done in "technical" vacuums of the 10-  stressed here that these statements pertain to reactions be-
Torr (1.33 X 10- 12 Pa) range on substrates with different tween two thin films where selection of intermixing concen-
cleaning procedures, and thus our work should complement trations is part of the nucleation kinetics. If bulk glasses are
other work done at UHV. An important point to make, prepared by splat/cooling for example, we may well have
however, is that for many of the transition metals, the first different compound nucleation depending on the concen-
compound nucleated is relatively independent of the clean- trations of elements in the glass. For example, Pd3Si has been
liness of the substrate. The large majority of the experiments reported to be formed upon heating of Pd8 lSi19 glass,8 and
have been on Si with relatively thick metal layers, but several Fe5 Si3, FeSi, or FeSi2 are formed upon heating of FeSi. glass
studies of Si with ultrathin films have been carried out in in different composition ranges.9

several laboratories with the result that the first phase nuc- In terms of our glassy interphase model, an invariance of
leated is the same in both situations. This is particularly true first nucleation means that the addition of impurities at the
for the near noble transition metals where impurities such as interface may alter the concentration, extend the thickness,
oxygen may slow down the kinetics or change the grain and change the reaction temperature of the glass to compound
structure, raise the reaction temperature, etc., but the first phase transition, but the basic reaction path is not changed
phase nucleated is usually the same. This is true to a much In a previous study'0 we have reported structure studies
lesser extent in the more refractory metals where, for example, using transmission electron diffraction (TED) of thin films
a significant amount of oxygen may severely limit the nu- of Ni deposited on Si and SiO 2 substrates. In this work we saw

oil J. Vac. W.1. Technol., 17(5), S!k.10c. 1080 0022-53551810/50911-0S10 1.00 C 1980 American Vacuum Society ell
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912 Bene et a/: Is first compound nucleation at metal Si1

an amorphous phase at room temperature for Ni thicknesses
bel %% a critical Iae hiclh depended UI-n subst ratt prep-
arat i ti ox.%gtn i ict ent. t kt.1,putt ti ig, et c ) Fir Ni thitk
nesMs% greater than the critical %alue. Ni 2 Si nucleation was
observed upon deposition In order to generalize our obser-
vations. we have made measurements on the Co-Si system;
and also to determine more about the properties of the

* -amorphous layer prior to first phase nucleation, we have
monitored the surface resistance of the thin film. A prelimi-
nary version of some of these results has been previously re-
ported I Here we give a more detailed account of these ex-
periments and report others which have subsequently been
completed. In Sec. II, we discuss our experimental procedure,
summarize the experimental results on Co deposited on 4-10
f-cm Si, and discuss the results in terms of the hypothesis | |

that first nucleation is an electronically driven instability in
the glassy layer. We next test this assertion by considering
experimental results of thin films of Co deposited on heavily
doped Si substrates. We then discuss our conclusions con-
cerning Co on Si and other systems in Sec. IV.

II. COBALT ON 4-10 0 cm SILICON

The Si substrates used are phosphorous-doped Si single (a)
crystal wafers with a resistivity of 4 to 10 Q cm and surfaces
of either (100) or (111) orientation. The cleaning process for
the polished wafers was accomplished by an ultrasonically
agitating bath with organic solvents, followed by cleaning in
a 10% HF solution and rinsing in high purity deionized water
prior to loading into the sputtering apparatus. The vacuum
system used is a conventional oil-diffusion pump with a LN
cold baffle. After pumping the vacuum system to 10-' Torr
(10-12 Pa) ultrathin cobalt films are sputter deposited by
sputtering the 3N cobalt target at 2 KV rf potential in 20 p,
5N argon flow discharge. We made several different ultrathin
cobalt films in sputtering times from 5 to 120 s, which corre-
spond very approximately to thicknesses of 7-140 A. The
deposition rate under this sputtering condition was obtained
from interferrometric measurements of the thickness of the
deposited Co film with 30 min sputter deposition time. Of
course, the deposition rate calibrated by this method will not
be accurate for short time deposition (ultrathin film) because
the sputtering conditions such as target temperature and
substrate temperature will not reach their equilibrium, hence
the thickness value of ultrathin film mentioned above is just
for comparative reference....'.. . -

For Transmission Electron Microscopy studies, the Co-Si
substrates are ultrasonically cut into 3 mm-diam. specimens
and thinned to a thickness less than 200.A from their backsides (b)
by a jet thinning machine. The etching solution for jet Fic 2 TED diffused amorphous structure of (a) 20 s cobalt sputter depo-t gis a mixture of 70% HNO. and 30% HF. sitio on 4-10 fl-cm Si( 100), (b) 60 s cobalt sputter deposition on 4- 10 O-cmthinning isamxueo 0 N3ad3%H.Si( 1l1)

The sample structure for surface resistance measurements
is shown schematically in Fig. !. We use a mask to cover the
center part of a rectangular Si substrate. The electrodes are
sputter deposited onto the substrate first, then the mask is
removed, and afterward ultrathin cobalt film is r.f. sputtered (operationally defined as dRs/dT = 0). Thus, we can assume
onto the Si surface. With this sample structure, two Schottky that the resistance we measure in the temperature ranges
barrier contact electrodes leak insignificant current through considered is the characteristic resistance of ultrathin film
Si substrates at low temperatures (below 100 K) compared to regions if they are near the phase transition (within about two
the a 104 f resistance at the metal-semiconductor transition to three orders of magnitude). In this case the four-point probe

* -J. Vac. Sel. Technol., Vol. 17, No. 5, Sept./Oct. 1330
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% 913 Beno el al: Is first compound nucleation at metal 913

measurement does not offer significant improvement in res-
olution of the resitaice of the thin film since the Si substrate'
(vid the Shott l, barrier) % ill domina u thes' nieamiurt.rflirt,

"- until the transition The resistance measurenstruts in tht rangt
of "" 10' ( or aixwve are not used for our present purposes due
to the possible complicating effects of the large area Schottk%
barrier prior to very observable effects of substrate shunting
near 108 9.

TED pictures of samples with sputter deposition times less
than 60 s as seen in Fig 2 show diffuse patterns on the silicon
background which indicate amorphous structures of these
ultrathin Co-Si films. Sheet resistance data of the same sam-
pies as seen in Fig. 3 show negative temperature coefficient
of resistance (TCR) behavior, which indicates that these ul-
trathin films behave electricallN like a semiconducting glass.
As thicker films are deposited (sputtering times longer than
60 s) the TED pictures as seen in Fig. 4 show sharp poly-
crystalline ring patterns indicating Co2Si nucleation. The
corresponding sheet resistance data as seen in Fig 3 shows zero
to positive TCR which indicates metallic behavior. Thus, we
conclude that the amorphous to crystallization transition is
correlated with the semiconductor to metal transition in the
Co-Si ultrathin film The critical thickness where the films (a)
achieve metallicity and Co2Si nucleation commences is de-
pendent on substrate preparation and sputtering parameters
and can generally be reduced to a smaller thickness if we
backsputter the substrates before deposition. This seems
reasonable as we ma% expect a surface region containing
ox% gen to be less metallic and a more stable glass. In addition,
since the electronic transition appears gradually, and we have
observed in our diffraction studies that the crystalline regions
do not cover the entire surface, we hypothesize that nucleation
is triggered by a local-delocal electronic phase transition in
the glass phase. Also, the magnitude of the surface resistance
at this transition (f_ 104 0, D) indicates we have achieved a
ti5o-dimensional (or less) metallic structure This interpre-
tat ion is based upon measurements of many types of films by
us and also in the extensive literature oil metal-semiconductor

logz.~C2 E S'y

(b)
Fic. 4(a) TED Co2Si polvcrvstallhne structure of (a) 70 s cobalt sputtet de-

.to.

position on 4-10 11cm Sikl 11), 4(b) 90 s cobalt sputter deposition on 4-0
CM Si( 11).

IOtransition, which show transitions in thin films and MOS in-
_____________________________________ version layers which depend on surface resistance rather than

resistivity and which occur near 104 11/13
lo"

Ill. COBALT ON HEAVILY DOPED SILICON

SEC_ In order to test the preceding hypothesis, we have made
10 1 2 3 4 5 £ measurements on ultrathin films deposited on degerately

• j
iooi'' 'c doped----- FG siliTEco sub cr~stas.Te shueay(d)ped slconal sutrte

Ftc", 3esinLoer wic opndo surface resistance ~sto'.ue r i )wt hshru oe orteisthit
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014 Bone e &l: Is cirs compound nucleation at metal 914

.001-.005 f-cm, Si(111) with arsenic doped to resistivity
.0009-.015 0-cm, Si( 11) and (100) with antimony doped to
resistivity .005-010 l9-cm, and Si(l 11) with boron doped to
resistivity .005-016 12-cm. These silicon substrates are sputter
deposited in the same way as the preceding (4-10 fl-cm) sil-
icon substrates. hI/

We analyze these ultrathin cobalt films on heavily doped
silicon substrates with the same methods as the 4-10 Q-cm Glass 5Icse

samples, with the exception of the resistance measurements. (2)
(The sample preparation procedures were identical. We just
didn't make the extra structures for measuring the resistance.) I

Since these substrates are metallic in the temperature range ph*s

10-300 K, we cannot make Schottky barrier contact electrodes
as we do in 4-10 1f-cm substrates. We find from TED mea- 2-8di$*rderedi

surements that Co2Si is nucleated on all heavily doped sub- ,"s ,
strates we have used, and for all depositions down to the =,/3 2±Cthinnest one (sputter deposition time 5 s) we can make. The (MO, A A ELs

C MONO .. A Y RS)

result for a typical 20 s sputtering time sample is shown in Fig. FIG.6. Generalized possible reaction path sequenc leading to first nucleatim
5. This TED pattern is further evidence that the first phase at subeutectic temperature.
nucleation is induced by interfacial metallicity in the Tm-Si
thin film system.

IV. SUMMARY OF RESULTS AND indicate that Co2 Si nucleation at low temperatures is an
CONCLUSIONS electronically stimulated transition. (Note that we inferred

this from our results on lightly doped Si, and this inference
We have seen that ultrathin films of Co deposited on var- is strengthened by our measurements on heavily doped Si.)

ious Si substrates produce an amorphous layer until the films In addition, the value of the surface resistance where metal-
become metallic (defined by dR,/dT > 0), whereupon Co2 Si licity is achieved indicates that this required metallicity is
is nucleated. In addition, Co films deposited upon heavily two-dimensional in nature. Evidently island formation of the
doped (highly conducting) Si substrates (four different do- metal on Si was not a problem because we didn't see Co2Si
pants-both p and n-type) nucleate Co2Si for all depositions nucleation in any region until the whole surface structure
down to the thinn.est one we produced. These results strongly achieved metallicity. An amorphous layer was not seen on the

heavily doped substrates which, of course, does not mean that
the system doesn't go through such a phase prior to first nu-
cleation. The glassy region could well have a much lower
reaction temperature and thickness. The only evidence we
have is that the end product (i.e. the first phase nucleated) is

... ... the same in either case, and since apparently first nucleation
in the silicides is reaction path determined (phase is not se-
lected according to highest heat of formation), the reaction

%J .path is basically the same in either case. This is or second use
of this "Basic Assumption" that the reaction path is impor-
tantlv invariant if the phase selected for nucleation remains
the same. To discuss what we mean by this %%e consider that
there may I-. several "events" along the reaction path at fixed

T and P, prior to first nucleation, schematically indicated in. '" Fig. 6.
The plateaus are an indication that there may be manN

metastable structures prior to first nucleation. The vertical
... ,.lines indicate the transitions between these structures. Of

. course, there may be many other possible reaction paths
leading to other possible first phase nucleation; what we pic-
ture is the winning one-i.e., the fastest path Now, in terms
of this picture, the "Basic Assumption" is that an% of the
transitions may be absent (and thus the metastable' state on
either side) due to different substrate preparation, etc. except
transition labelled 3. The position of this transition in terms

Ft;. S TEDCosSi polycrystalline structure of 20s eoblt sputter deposition of metal thickness, transition temperature, etc may change
on arenic heavily doped Si( ill). without affecting first nucleation phase as long as it is not

J. Vac. gel. Technol., Vol. 17, No. 5, Sept./Oct. 1980
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perturbed to such an extent that some other reactioni path the Air Force Office, of Scientific Rest-arch (.kFFC Contract
*.-.' becomes faster Thu,;. in our terniinholog the iasic, re. tiolt F4962I-77-C-0101 '

path is determitned bN the existemv of transition :3 in the fastest
%" reaction 1xth For the near noble metals on Si substrates at or

S.. . temperatures, quite often (considering the large majority of systems is tot, soluminou to cite but t pical examples arte J A B.rdern

the experimental data) this path is the fastest with or w%-ithout and S I Picraux. Proc. IEEF 62. 1224 k1d974). II Krautle. M -A Nacolet,

substrate doping and whether we are at UHV Or a good and J W Mayer. J Appi PhNs 45, 3304 (1974).

technical vacuum Within our model the main effect of im- 2R M Walser and B W Beni;. Appl Phys Lett 28,624 (1976)
ties c ange Wthn (metr) stabilityf the ra et glass. m W. Beni and B N1 Walser, Proceedings of Symposum on Thin Film

puritie- is to change the (meta) stability of the surface glass. Phenomena Interfaces and Interactions. 21 (t97
Our experiments reported here give evidence that transition 4B B\k nen and R N1 Walser, J Vac Sci Technol 14, 925 (1977)

3 may be electronically driven over a surface which is less than SR NI Walser and R \% Beni, Proceedings of Symposium on Thin Film

*'-/ .t three-dimensional. As a specific example we have indicated Phenomena. Interfaces and Interactions. 284 (1976

two-dimensional nucleation in Fig. 6. We also stress that H Krautle. N-A Nicolet. and J. W. Mayer. j App! Ph.s 45. 3-304. (1974.phases such as the two-dimensional ordered phase prior to "if Kriutle. N1 -A Nicolet. and J W Mayer. Phys. Status Solidi (a! 20. K3

transition two may or may not exist for specific systems. (1973)
" ID. Gupta. K N Tu, and K W Asai, Ph~s Rev. Lett. 35,796 (1975
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